Abstract-In this work, a comprehensive investigation of the effect of source/drain tunneling in ultra-scaled transistors is presented. A novel approach to efficiently and accurately incorporate the quantum-mechanical effects of source/drain (S/D) tunneling in semi-classical device simulators has been developed. The ballistic quantum transport model has been implemented as part of the Vienna-Schrödinger-Poisson simulation and modeling framework. The transport formalism is based on the quantum transmitting boundary method and has been extended to provide recombination and generation rates of carriers due to the direct tunneling current across the source/drain barrier. The model has been used to investigate the effect of direct S/D tunneling on device performance in ultra-scaled double-gate and nanowire transistors. The variations in transfer and output characteristics due to the tunneling effect have been calculated for different gate lengths and channel widths. The influence on the drain induced barrier lowering is shown.
I. INTRODUCTION
With the continued CMOS device scaling, short channel effects such as drain induced barrier lowering (DIBL) and source/drain (S/D) tunneling [1] , [2] become an increasing challenge for device performance. A wide variety of devices like double-gate (DG) metal-oxide-semiconductor (MOS) or nanowire transistors [3] , [4] are studied to improve the electrostatic control and enable further scaling. Technology computer-aided design (TCAD) tools aim to assist device engineers in including the relevant physics for ultra-scaled devices in their development process. Simulation studies of S/D tunneling using sophisticated quantum transport models have been carried out previously [5] . While these tools provide detailed physical insight, their computational demand is too high in TCAD applications for a wide range of devices.
We present a physically grounded modeling and simulation framework that captures the effect of source/drain tunneling in ultra-scaled MOS transistors while keeping computational costs low. The framework consists of a fast and accurate openboundary quantum transport solver coupled to a semi-classical device simulator enabling quick performance evaluation.
II. SOURCE/DRAIN TUNNELING MODEL
Our method to simulate source/drain tunneling in nanoscaled MOS devices involves a ballistic quantum transport model for direct tunneling calculations, implemented in the fast numerical Schrödinger-Poisson solver VSP [6] , [7] . It is coupled to a semi-classical device simulator (Minimos NT EffMassQTBM QTBMContact Figure 1 : Schematic of the model setup. The device simulator Minimos-NT provides potential and quasi-Fermi levels to the quantum transport simulator VSP, which calls the ballistic quantum transport model to calculate the ballistic current density. The current density spectrum is used to obtain the generation/recombination rates due to S/D tunneling. The calculated rates are transfered back to the semi-classical device simulator, where they are included in the current continuity equation.
[8]), both being part of GTS Framework [9] . The schematic structure of the model, the simulation flow, and the data interdependencies are depicted in Fig. 1 . The device simulator calculates a self-consistent potential and the quasi-Fermi levels of the contact regions. This is used by the quantum transport model in VSP to calculate the direct tunneling current through the source/drain barrier from which the recombination/generation rate follows. This information is fed back to the device simulator and enters the current continuity equations through 
The quantum transport model is based on the quantum transmitting boundary method (QTBM) [10] and implemented in C++ within the VSP modeling framework [6] , [11] . Due to the generality of the code, the model is applicable to arbitrary device dimension, unstructured grids and arbitrary crystal orientation rendering it useful for a wide range of applications. Using the QTBM formalism, we obtain the solution to
To reduce computational effort, we do not solve the full system directly, but consider Σ R as low-rank update of the system by solving a condensed system of equations containing the contact modes [11] . One obtains the wave functions ψ i , transmissions T i j between mode i and j, occupation, and ballistic current density, using the appropriate Fermi distribution for each contact. Solving the system for each valley ν in the conduction band and each valley µ in the valence band, we calculate the energy resolved ballistic current density for electrons S tun,n,ν and holes S tun,p,µ , respectively. For each valley, the energy resolved net recombination rate due to direct source/drain tunneling at each energy E i is obtained by calculating
along the contour S of the conduction band edge E C or valence band edge E V at this energy. The contour corresponds to the classical turning points. The normalized gradient of the band edge potential in that expression is used to determine whether the tunneling current enters or leaves the tunneling barrier. It defines the sign of the calculated contour weights TopGate BottomGate Source Drain x y Figure 3 : Generation and recombination rates in a Si nMOS double-gate transistor due to direct source/drain tunneling; Same bias as in Fig. 2 ; The shown iso-lines correspond to the conduction band edge in the channel region. The source/drain barrier, where the direct tunneling occurs, can be seen. and thereby whether recombination or generation of the carrier occurs at that specific energy and spatial position.
We integrate R tun,n/p,ν/µ (E i , S ) over all energies with the adaptive Integrator module based on our previous work using the Clenshaw-Curtis formula [12] , [13] . The total recombination rate for electrons and holes is calculated by the sum for each valley ν and µ, respectively. These quantities are transferred back to the semi-classical device simulator, where they are included in the current continuity equations.
III. RESULTS AND DISCUSSION
We carried out simulations of double-gate (2D) and nanowire (3D) nMOS devices. Structure creation and meshing was done with the GTS Structure tool [9] . The simulations can be carried out on single work stations or on distributed computers by making use of the functionality of the GTS Framework.
A. 2D Double-Gate MOS Transistor
As 2D devices we use silicon DG nMOS transistors with highly n-doped source and drain extensions with a donor concentration of N D = 1 × 10 20 cm −3 . First we investigate a device with a channel width of D = 5 nm and physical gate length of L G = 5 nm. Figure 2 shows the ballistic quantum-mechanical current density through the source/drain tunneling barrier at a bias of V DS = 0.8 V and V G = 0.0 V. From the spectral current density, we calculate the recombination/generation rates due to tunneling. This is illustrated in Fig. 3 . The shown iso-lines correspond to the conduction band edge in the channel region. The source/drain barrier, where the direct tunneling occurs, can be seen. The calculated generation and recombination rates for electrons, having opposite signs, are to the left and right of the barrier. This means the electrons vanish on one side and reappear on the other side as expected for a non-local effect.
The transfer characteristics for the DG nMOS with a channel width and physical gate length of 5 nm are shown in Fig. 4 . The increased off-current and sub-threshold slope when S/D tunneling is considered can be clearly seen.
To investigate the effect of gate length scaling on the device performance we used a DG nMOS with a channel width of 7 nm and varying gate length. The current-voltage (I/V) characteristics at V DS = 0.8 V is depicted in Fig. 5 . When reducing the physical gate length from 10 nm down to 3 nm the DIBL affects device performance clearly. When S/D tunneling is included in the calculations, the effect becomes considerably stronger. As the gate length decreases, the electrostatic control is reduced and the tunneling barrier gets thinner. This leads to the higher tunneling current, as calculated in the simulations.
B. 3D Nanowire Transistor
Similar to the case of the double-gate transistor we carried out an investigation of circular silicon nanowire transistors. The doping concentrations and device dimensions were chosen according to the 2D device configuration. The nanowire transistor has a diameter of 5 nm as well as a physical gate length of 5 nm. Figure 6 shows the calculated generation and recombination rates due to direct S/D tunneling in the channel region of the nanowire. The current-voltage characteristics of this device with and without source/drain tunneling for a bias of V D = 0.8 V are shown in Fig. 7a . For this case a small contribution of the direct tunneling leakage to the off-current can be seen. We then changed the geometry of the device and repeated the simulation. When increasing the physical gate length of the nanowire transistor from 5 nm to 7 nm the S/D tunneling current is completely suppressed (see Fig. 7b ). We went on to increasing the nanowire diameter from 5 nm to 7 nm while keeping the gate length at 5 nm (cf. Fig. 7c ). Compared to the smaller diameter in Fig. 7a we see a strong DIBL even without tunneling. When the source/drain direct tunneling current is included in the calculation, the device performance further deteriorates.
The simulations demonstrate the improved electrostatic control in the nanowire transistor compared to the double-gate MOS device. However, small changes in the device geometry such as a reduced gate length or varying diameter can have tremendous impact on the device characteristics. As shown in Figs. 7a to 7c these variations are enhanced further due to the direct tunneling source/drain leakage current. The changes in electrostatic control due to changes in device geometry can be clearly seen.
IV. CONCLUSION
We present a new TCAD model to include source/drain tunneling in device simulations in an efficient and physically accurate way. For that purpose, we coupled the semi-classical device simulator Minimos-NT to the quantum-mechanical simulation framework Vienna-Schrödinger-Poisson (VSP). We derived a means to incorporate the source/drain tunneling current as a recombination/generation term in the current continuity equation. We used the model to investigate the effect of source/drain tunneling in 3D nanowire and 2D DGMOS transistors. We show the influence of S/D tunneling on off-current and sub-threshold-slope. The consequences of gate-length scaling and geometry variations on the tunneling leakage current have been shown.
